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(57) ABSTRACT

A plasma reactor consisting of a plurality of elements placed
between two or more plasma generating electrodes is pre-
sented. Said elements consisting of surfaces, conducting,
and/or dielectric which allow for the dielectric isolation of the
electrodes from each other and creating a plurality of dielec-
trically isolated spaces for plasma generation. This plasma
reactor achieves a high surface area, with low capacitance
allowing simplified construction and is suitable for high fre-
quency operation.

5 Claims, 12 Drawing Sheets
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DISTRIBUTED DIELECTRIC BARRIER
DISCHARGE REACTOR

BACKGROUND

1. Field

The present invention relates to a plasma generation reac-
tor. In particular it relates to a reactor that is configured with
a plurality of surfaces between two electrically excited elec-
trodes. This structure allows glow discharge operation at high
frequencies and high voltage potentials resulting in high over-
all ionization of target gasses or fluids to be treated.

2. Prior Art

It is known that glow discharge is generated by placing a
dielectric material between two electrodes and applying a
high-voltage alternating current or a periodic pulse voltage,
and in the plasma field resulting there from, active species,
radicals, and ions are generated so as to facilitate decompo-
sition and further reaction of a gas or liquid (refer to U.S. Pat.
No. 5,414,324). Plasmas formed in this manner are com-
monly referred to as dielectric barrier discharges. Further it is
known that gasses decomposed by the application of dielec-
tric barrier discharge can be reformed into more desirable
forms. For example process and automobile exhaust gasses
have been treated with such reactors (refer to U.S. Pat. No.
7,507,934).

The plasma and resulting ion formation in dielectric barrier
discharges is dependent on the periodic change in the direc-
tion of current flow through the reactor. This periodic change
in the direction of flow is controlled by the applied AC or
pulsed DC voltage and the rate of change of current flow is
controlled by the rate of change of the applied voltage, com-
monly referred to as dV/dt, at the reactor electrodes. Ion
formation in the plasma is greatest during the most rapid field
change (U.S. Pat. No. 7,399,944). In maximizing ion forma-
tion it is generally desirable to operate dielectric barrier dis-
charges at higher frequencies and higher dV/dt.

Ions in dielectric barrier discharges are concentrated at the
surfaces inside the plasma field (U.S. Pat. No. 7,298,092).
Therefore, increasing surface area in the plasma field is a
generally accepted method of increasing reactor plasma gen-
eration capacity.

Finally, it is also generally desirable to increase the size of
dielectric barrier discharge reactors to accommodate higher
volume processing.

In present dielectric barrier discharge reactor designs
increasing the reactor size while maintaining a high surface
area to gas/fluid volume ratio directly increases the capaci-
tance of the reactor. This higher capacitance is in conflict with
the desire to operate at higher frequencies and provide higher
dV/dt at the reactor. As a result, present dielectric barrier
discharge reactor designs incur practical limitations in
achieving increased ion formation rates due to limitations in
operating frequency and dV/dt as the surface areas are
increased.

One approach to solving the capacitance problem is to
increase the space between the plasma generation electrodes.
However, wide spaces for plasma generation result in rela-
tively high percentages of gas remaining un-ionized in areas
away from surfaces. Further, when recombination of ions into
more desirable species is required, a surface to hold the ion-
ized particle until recombination occurs will accelerate the
recombination. It has also been shown (U.S. Pat. No. 7,298,
092) that these larger distances between electrodes lead to
instabilities in plasma current across the dielectric surfaces.
These instabilities can cause parts of the reactor to have weak
or non-existent plasma current flow. The prior art does not
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address the current understanding that streamer formation is
not only a function of the distance between electrodes, but
also a function of the distance between the dielectric surfaces.
Finally, streamer formation is exacerbated at the pulse cycle
end, or in low frequency driven systems and is the subject of
extensive research (U.S. Pat. No. 7,399,944). One method to
solve this problem is to simply increase the drive frequency of
the reactor. However this is difficult on slower, higher capaci-
tance reactors.

This leads to a desire for a reactor with low capacitance and
high surface area to gas/fluid volume ratio indicating that
smaller distances between surfaces is desirable. The present
invention presents a novel solution to these problems.

Multiple electrode designs as described in U.S. Pat. No.
7,507,934 (see FIG. 1a, 15, 1¢) attempt to solve one of these
limitations and describe a method of increasing the reactor
surface area to gas ratio. However, these designs involving
multiple electrically connected electrodes result in much
higher reactor capacitance.

In addition, it is known that multiple electrically intercon-
nected electrode designs such as intermediate electrodes and
multiple electrode designs (U.S. Pat. No. 7,507,934) are used
in some plasma reactors such as depicted in FIG. 1. These
reactor designs rely on multiple electrically driven plasma
generation electrodes to generate plasma in the space
between them. Along with the limitations noted above, this
design has the tendency of the plasma to form filaments and
other non-uniform conduction modes, due to the proximity of
the relatively low impedance plasma generation electrodes.

As a general class of reactor design, multiple electrode
designs suffer from high capacitance and plasma current non-
uniformity particularly as the surface area is increased. This
characteristic of the prior art has lead to a diversity of elec-
trode designs to mitigate this non-uniform plasma current
problem.

Various electrode configurations and designs result in more
uniform plasma current conduction than others and further
result in more desirable plasma discharges. These include
slotted or perforated electrodes such as in U.S. Pat. Nos.
6,005,349 and 6,818,193. In addition perforated dielectrics
have been used to enhance the desirable characteristics of
plasma as in U.S. Pat. No. 5,872,426. However, using varia-
tions of electrodes does not resolve the capacitance issue. In
addition these perforated electrodes cause areas of weakened
plasma field in areas around the perforations.

As stated above, it has been shown that higher operating
frequencies resultin higher plasma energy into a reactor. U.S.
Pat. No. 7,507,934 discusses frequencies of greater than 100
Hz, but fails to address operation of that design at higher
frequencies. Multi-electrode designs such as these increase
the capacitance dramatically over two electrode versions
making higher frequency operation more problematic and
therefore further limiting the efficiency of the reactor.

SUMMARY OF THE INVENTION

The present invention has for its object to provide a method
and an arrangement of a plasma reactor and reactor systems
for use in gas and/or fluid chemical reactions. For purposes of
clarity, the term gas will be used for both gas and other fluid
materials to be reacted. In addition, the term electrode may be
used to identify plasma generation electrodes (numbers 26
and 28) and the term element or elements may be used gen-
erally for identifying all elements (numbers, 27, 36, 37a, 375,
41,42,43,44,46,47,48,56,57, 61, 62, 65, 66, 71, 74 and 81)
between the plasma generation electrodes and not directly
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connected to the plasma generation electrodes. Spaces
between the various elements and electrodes may be main-
tained by spacers 23.

For illustration purposes the design in FIG. 2 (a, b, ¢) is
reviewed. However the invention should not be construed as
being limited to this or the following embodiments. Various
alterations, modification and improvements may be made
within the scope of this based on the knowledge of a person
skilled in the art. This summary reviews one embodiment of
aplasma reactor that can be used for many chemical synthesis
and separation applications. For clarity purposes in this
example, a hydrogen and nitrogen disassociation and recom-
bination reaction to form ammonia is considered. Also, in
many applications, gasses not used in the desired end product
can be used with the reactant gas to enhance the effects and
rate of the reaction, but again for simplification these will not
be considered in this example. Those familiar with the art will
also realize that catalysts, promoters, porous and non-porous
particles and surfaces used alone or in various combinations,
microstructures, surface textures, particles including nano-
particles can be used either in a fluid form or as part of the
electrodes and are included as part of this invention.

A multi-element reactor designed to disassociate nitrogen
and hydrogen and recombine the disassociated ions into
ammonia is presented according to this invention. In this
form, the reactor consists of two electrically excited, isolated
electrodes and a number of non-electrically excited dielectric
elements in combination with conductive elements in the
middle with spaces between the electrodes. A mixture of
nitrogen and hydrogen gas is passed through the spaces cre-
ated by the electrodes, dielectric elements, and electrically
isolated conductive elements. The plasma generation elec-
trodes are electrically excited with sufficient energy (AC or
pulsed DC voltages can be used in this application) to create
a plasma capable of molecular disassociation in some or all
the spaces between the electrodes of some or all the molecules
in the spaces. A percentage of the nitrogen and hydrogen
molecules disassociate or partially disassociate according to
known art and become ions. These ions move toward one of
the plasma generation electrodes or dielectric elements
according to the electric charge and become available for a
reaction with other ions. As the majority of most recombina-
tion reactions occur at a surface, it is desirable for a large
amount of surface area to be available for recombination
reaction. Thus by minimizing the distance from surface to
surface and increasing the number of spaces using non-elec-
trically excited electrodes, the surface area available for
recombination sites is increased. Further, by minimizing the
thickness of the total thickness of the dielectrics, the excita-
tion energy is not generally increased compared to that
required for a conventional single space reactor.

In one embodiment similar to FIG. 2a, a five dielectric
element design (six spaces) reactor was used with plasma
generation electrodes on each end. This reactor comprised
228 square cm of surface area in the reactor and using
approximately 100 micron spaces between elements resulted
in an initial capacitance of 25.7 pF. This compares favorably
to a traditional two electrode tube reactor with approximately
1580 um spacing from electrode to electrode and a surface
area of 205 square cm resulting in a reactor capacitance of 141
pF. This reduction in the reactor capacitance by more than
five-hundred percent greatly simplifies the drive electronics.

This novel approach to reactor design allows an increase in
surface area, and a reduction in capacitance, without a dra-
matic increase in the excitation voltage required to create a
plasma. In addition, the current required for creating the
excitation voltage to generate the plasma is reduced as a

25

40

45

55

4

function of total surface area in the reactor due to the low
reactor capacitance. Finally, by creating multiple surfaces
close to each other, the formation of filaments was greatly
reduced, resulting in a more uniform glow plasma.

The first embodiment in FIG. 2(a) results in a plasma
generation device comprising: a plurality of dielectric ele-
ments which are disposed between two or more unit plasma
generation electrodes creating a plurality of spaces between
said unit plasma generation electrodes. Said unit plasma gen-
eration electrodes may or may not be dielectrically isolated
from said spaces The plasma generation electrodes being
capable of generating plasma in the spaces by application of
an AC or pulsed DC voltage, or some combination thereof
between the unit plasma generation electrodes, wherein the
plasma is generated in the spaces formed by the plurality of
dielectric elements.

These and other objects are achieved by the present inven-
tion having a plurality of plasma formation plasma discharge
spaces allowing a continuous, semi-continuous or batch
mode gas or gas mixture flow. Said plasma discharge spaces
comprising at least two spaced electrically excited electrodes
(Plasma Generation Electrodes, 26 FIG. 2 through 8), and at
least one center electrically isolated electrode (dielectric ele-
ments, or other elements described herein) wherein at least
one plasma pulse is generated by applying an energizing
voltage to the electrodes causing a plasma current and a
displacement current. The plasma dielectric elements may or
may not be electrically conductive depending on the particu-
lar requirements of the design, but when electrically conduc-
tive at least one non-conductive surface is placed between or
adhered to the face of the two electrodes forming a space
which is dielectrically isolated from the plasma generation
electrodes 26. The present invention therefore provides a
plurality of spaces and electrically isolated dielectric ele-
ments or other elements being excited by plasma generation
electrodes 26.

A second embodiment of this invention in FIG. 3 allows the
ability to modify the intensity of the plasma at various points
within the reactor by variation of dielectric constant in mate-
rials used in various parts of the reactor. This can be accom-
plished using several approaches, each having utility in vari-
ous applications. For example, the dielectric constant of the
dielectric elements, the dielectric coating on the isolated con-
ductive elements, when present, or complete elements with
varying dielectric constant, is effective in altering the plasma
intensity in the adjacent space.

Another method of changing the plasma intensity at vari-
ous points is illustrated in FIG. 4(a), 4(b), while controlling
the gas flow through the reactor, is to vary the space between
elements. This can be done generally by changing the space
from element to element. This results in a plasma dielectric
element according to the description above, wherein the dis-
tance between the adjacent dielectric elements to each other
varies over the entire length and width and is different than the
distance between the dielectric elements adjacent to each
other in the remaining portion. In addition, spacing can be
changed over just a portion of an element by changing the
general shape and thickness of the element. This has addi-
tional utility as a flow control system to direct gasses to
desirable areas, to maintain a gas in the plasma for a longer or
shorter duration, or to mix gasses. This results in a dielectric
element wherein with respect to the plasma dielectric ele-
ments in the remaining portion, the distance between the
plasma dielectric elements adjacent to each other is further
varied over a portion, or the entire plasma dielectric element.

All of the electrode and element surfaces can be addition-
ally coated, impregnated, or manufactured from materials
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that enhance the desired reaction. These materials can be
promoters, catalysts or porous materials including nano-par-
ticles, or combinations ofthe same which increase the surface
area and/or enhance the desired reaction.

In several embodiments of this invention (FIG. 5), conduc-
tive elements used in concert with dielectrically isolated ele-
ments are used to increase the reactor element usefulness.
Plasma energy will be transferred to any conductor within the
plasma field via capacitive coupling. By using a single con-
ductive surface dielectrically isolated on both sides, the
plasma energy supplied from the electrodes can be re-distrib-
uted over the surface of such an element. In addition, by using
a partial conductor, dielectrically isolated in one area of an
element, plasma energy can be focused on a desired location
within a space. Finally, by changing the space from area to
area by modifying the thickness, and placement of the con-
ductor with an element, both gas flow through any space and
plasma strength at any point with the reactor can be modified.

Through experiments conducted by the inventors, it has
been shown that increasingly small spacing in a multi-dielec-
tric reactor shown in FIG. 2 significantly improves current
flow uniformity and plasma uniformity. Isolated embedded
conducing elements (56 and 71) may also be applied in a way
that allows extension of the plasma discharge region beyond
the area directly between the plasma generating electrodes.
This provision allows relatively simple construction to pro-
vide complex plasma generation configurations while limit-
ing the reactor capacitance and maintaining the ability to
operate at high frequencies with relatively simple power
sources.

Further embodiments shown in FIGS. 6(a)-6(¢) and FIGS.
7(a)-7(b) demonstrate the flexibility of this novel design to
allow various features such as the insertion of one or more
conductive elements in conjunction with various dielectric
elements in FIG. 6(a). In FIG. 6(b) by inserting conductive
elements with gas and/or liquid entry and exit points in the
reactor, reactions can be further tailored to the process
desired. FIG. 6(c) illustrates an embodiment with only one
side of each conductive element coated with a dielectric sur-
face within a plasma space. FIG. 6(d) illustrates the ability to
maintain the gas in the plasma field for an extended period by
extending the path over several layers of the plasma reactor.
FIG. 6(e) shows the insertion of a porous material the gas
must flow through as the gas exits the plasma field. This
allows a large surface area to be present at the plasma exit and
the reaction can be further enhanced by inserting catalysts or
other reaction promoters into or on this surface.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1(a)(b)(c) schematically show an example of a
plasma generation device of the prior art (U.S. Pat. No. 7,507,
934). FIG. 1(a) is an isometric view of a multi-unit electrode
reactor of the prior art. FIG. 1(b) is a cross sectional view of
the section taken along line A-A' shown in FIG. 1(a), cut
along a plane perpendicular to one direction (fluid flow direc-
tion). FIG. 1(c) is a cross sectional view of the section taken
along line A-A' shown in FIG. 1(a), showing an example of
typical electrical connection of the unit electrodes.

FIGS. 2(a), (b), (¢) are schematic views of one embodi-
ment of the present invention showing a two unit plasma
generation electrode version of a distributed dielectric reac-
tor. FIG. 2(a) is an isometric view of a one embodiment of a
distributed dielectric barrier discharge reactor. FIG. 2(b) is a
cross sectional view of the section taken along line B-B'
shown in FIG. 2(a), cut along a plane perpendicular to one
direction (fluid flow direction). FIG. 2(¢) is a cross sectional
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view of the section taken along line B-B' shown in FIG. 2(a),
showing one embodiment of the electrical connection of the
unit electrodes.

FIG. 2(d) is a schematic view of one embodiment of the
present invention showing a two unit plasma generation elec-
trode version with non-dielectrically isolated plasma genera-
tion electrodes and one embodiment of the electrical connec-
tion to the unit plasma generation electrodes.

FIG. 3 is a cross sectional schematic view of one embodi-
ment of the present invention showing variation in materials
and dielectric constant, electrical and mechanical properties
of the dielectric elements.

FIG. 4(a) is a cross sectional schematic view of one
embodiment of the present invention showing variation in the
thickness of the plasma dielectric elements across the reactor.

FIG. 4(b) is a cross sectional schematic view of one
embodiment of the present invention showing variation in the
thickness, composition and structure of the dielectric ele-
ments across the reactor.

FIG. 5 is a cross sectional schematic view of one embodi-
ment of the present invention showing a dielectric elements
which contain a conductive element which is not connected to
the power source.

FIG. 6(a) is a cross sectional schematic view of one
embodiment of the present invention showing dielectric ele-
ments and a conductive element which is not isolated by a
dielectric from the adjacent space where plasma forms.

FIG. 6(b) is a cross sectional schematic view of one
embodiment of the present invention showing dielectric ele-
ments and a conductive element which performs complex
functions and is not isolated by a dielectric from the adjacent
space where plasma forms.

FIG. 6(c) is a cross sectional schematic view of one
embodiment of the present invention showing dielectric ele-
ments and a conductive element which is isolated on one side
by a dielectric from the adjacent space where plasma forms.

FIG. 6(d) is a cross sectional schematic view of one
embodiment of the present invention taken parallel to the
indicated gas flow showing interconnected spaces for exten-
sion of the fluid flow path through the plasma generation
device.

FIG. 6(e) is a cross sectional schematic view of one
embodiment of the present invention taken parallel to the
indicated gas flow showing a porous material affixed to one
end of the plasma generation device through which process
fluid must pass.

FIG. 7(a) and FIG. 7(b) are schematic views of one
embodiment of the present invention showing dielectrically
isolated conductive elements projecting beyond the plasma
generation electrodes in the direction of the gas flow. FIG.
7(a) is an isometric view of one embodiment of the present
invention with extended, electrically isolated conductive ele-
ments. FIG. 7(b) is a cross sectional view of the section taken
along line C-C' shown in FIG. 7(a), cut along a plane parallel
to one direction (the gas flow direction).

FIG. 8 is an isometric schematic view of the electrical
connection of unit plasma generation devices in serial and
parallel to the plasma generation power source.

DETAILED DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will be described
below in detail with reference to the drawings. The present
invention is not limited to the following embodiments and
changes in design and modifications could be made appro-
priately based on a common knowledge of a person skilled in
the art without departing from the spirit and scope of the
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present invention. By integrating the various design features
and elements described herein in various combinations, and
with fewer or greater number of elements, reactors can be
designed using the methods and elements in this invention to
produce similar of different desired reaction outcomes.

FIG. 1(a), FIG. 1(b), and FIG. 1(c) schematically show
prior art of a unit plasma generation device or reactor 20
according to existing art (see U.S. Pat. No. 7,507,934). FIG.
1(a) is an isometric view showing a unit reactor 20 indicating
the direction of the fluid or gas g to be acted upon by the
plasma. FIG. 1() and FIG. 1(¢) are cross sectional schematic
views cut along line A-A' cut in a direction perpendicular to
the plane of the gas or fluid flow through the unit reactor 20.
The plasma generation conductors 21 are contained in a
dielectric material 22 making unit plasma generation elec-
trodes 26 with the conductors dielectrically isolated from the
plasma discharge region 24. Said regions 24 are created using
plasma-discharge-region dielectric spacers 23 which force
the gas or fluid to flow through the regions 24 to become
influenced by said plasma. FIG. 1(c) shows the electrodes
connected to an AC or pulsed DC plasma voltage generation
source 25 via conductors 29 which provide energy to stimu-
late the plasma in all regions 24.

FIGS. 2(a), 2(b) and FIG. 2(c) schematically show an
embodiment 30 of the present invention with two conductors
21, which are electrically isolated by a dielectric material 22
as in FIG. 2(a) from the regions 24 resulting in two unit
plasma generation electrodes 26 which are connected to an
AC or pulsed DC voltage source 25 via conductors 29. In this
embodiment a plurality of dielectric elements 27 are placed
between the electrodes 26 creating a plurality of plasma-
discharge regions 24. There may be only a first dielectric
spacer 23 and a second dielectric spacer 23 between a first
electrode 26 and its adjacent dielectric element 27. There may
be only a first dielectric spacer 23 and a second dielectric
spacer 23 between a second electrode 26 and its adjacent
dielectric element 27. There may be only a first dielectric
spacer 23 and a second dielectric spacer 23 between adjacent
pairs of dielectric elements 27. The dielectric elements are
composed of tabular ceramic, glass, aluminum oxide, or
quartz material although other dielectric materials may be
used for these embodiments herein. Said regions 24 are cre-
ated using spacers 23 which seal the side and force the gas or
fluid to flow through the regions 24 in the direction indicated
by arrows g where the gas or fluid become subjected to said
plasma in the regions 24. Said regions 24 can be from 1
micron to 20 millimeters from dielectric element 27 to dielec-
tric element 27 and from dielectric element 27 to unit plasma
generation electrode 26 depending on the thickness of the
spacer 23 used. Micro spheres or other shapes of similar
materials to the tabular dielectric elements can be distributed
in the region 24 to maintain dimensional stability over large
areas. These construction techniques are applicable to the
embodiments that follow. Dielectric elements 27 can be from
10 micro meters to 50 millimeters as required to withstand the
applied plasma excitation voltage and facilitate construction
of the unit.

Using common methods known to those skilled in the art,
multi-layer reactors are assembled by stacking tabular dielec-
tric elements and spacers, and where desired, micro spheres
or other shapes for dimensional stability are added to the
region 24. In one embodiment, low alkaline glass one hun-
dred microns (100 um) thick is used for both spacers 23 and
dielectric elements 27, with one hundred micron diameter
micro spheres dispersed between the dielectric elements in
the region 24 for dimensional stability. This stack is then
heated to a temperature which caused the dielectric elements
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27, spacers 23 and micro spheres to adhere to each other and
become one unit. Electrodes consisting of a slice of a semi-
conductor silicon wafer cut to the desired dimensions and
coated with a glass of like expansion coefficients are then
sealed to the unit using a glass frit to form the electrodes. The
unit reactor was then inserted into an appropriate housing and
sealed to create channels for gas or fluid to flow into and out
of the unit reactor. A person skilled in the art will be able to
assemble this type of reactor unit in a variety of ways with
good results. The various embodiments below are assembled
using similar simple techniques and will be obvious to anyone
skilled in the art.

FIG. 2(b) is a cross sectional schematic view of reactor 30
cut along line B-B' as shown in FIG. 2(a), in a plane perpen-
dicular to the direction of gas flow g. In this embodiment the
plasma generation spaces 24 are isolated from each other by
dielectric elements 27.

FIG. 2(c) is a is a cross sectional schematic view of reactor
30 cut along line B-B' as shown in FIG. 2(a), in a plane
perpendicular to the direction of gas flow g. FIG. 2(c¢) shows
the unit plasma electrodes connected to an AC or pulsed DC
plasma voltage generation source 25 via conductors 29 which
provide energy to stimulate the plasma in all regions 24.

FIG. 2(d) shows a cross sectional schematic of a second
embodiment of the reactor and conductors 21 in which there
is no dielectric isolation between the conductor and the adja-
cent region 24. As only one side of any region must be dielec-
trically isolated for plasma to form, these non-isolated unit
plasma generation electrodes can be used where there is
dielectric isolation on the opposing side. Non-dielectrically
isolated electrodes 28 are advantageous in unit reactors with
ahigh number of dielectric elements 27 as this eliminates one
layer of dielectric that can be added back into the design and
used to form an additional region 24. In addition, non-dielec-
trically isolated electrodes 28 allow simplified construction
and can be formed using conventional means to create entry
and exit points for fluid or gas used in the plasma reaction.
Where non-dielectrically isolated electrodes 28 are used with
non-dielectrically isolated conductive elements 56, the
plasma will transition to arc mode in region 24 adjacent to the
electrodes 28. Although not effective for ionization, this is
useful in reactors for other purposes. In all of the embodi-
ments, both electrodes 26 and conductors 28 can be used as
required for construction and performance.

FIG. 3 is a cross sectional schematic view of an embodi-
ment of the present invention with a plurality of dielectric
elements 36 placed between the unit plasma generation elec-
trodes 26 creating a plurality of regions 24. In this embodi-
ment, said dielectric elements 27, 36, and 37a are made of
materials exhibiting dielectric constant which varies over the
surface of the dielectric element. This variation is both over
the direction of the gas flow and perpendicular to the gas flow.
This enables plasma strengths which vary over the surface of
the dielectric element 27, 36, 37a and 375 at different points
in the reactor. As an example, strengthening the plasma at the
entrance to the reactor and weakening the plasma at the exitof
the reactor, results a higher level of ionized molecules as they
enter the reactor and allows ions to react gradually as they
exit. Conversely, having a weaker plasma at the entrance and
stronger plasma at the exit can cause other desirable reaction
outcomes. Also, having stronger plasmas from one side of the
reactor or the other can be used to create variable reactions or
to allow the injection of gas or fluid into stronger or weaker
plasmas in the sides of the reactor or into the reactor through
a conductive element as discussed in later figures.

FIG. 4(a) is a cross sectional schematic view of an embodi-
ment of the present invention with a plurality of dielectric
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elements 47, 48, and 49 placed between the unit plasma
generation electrodes 26 creating a plurality of plasma spaces
24a. In this embodiment, said dielectric elements 46, 47, and
48 are made of materials of different thicknesses both in the
direction perpendicular to the gas flow and in line with the gas
flow and at various directions toward and away from the gas
flow. This allows channeling of various gasses and fluids and
the creation of different strength plasmas in various areas to
affect the outcome of the reaction. FIG. 4(b) is a cross sec-
tional schematic view of an embodiment of the present inven-
tion with a plurality of dielectric elements 41, 42, 43 and 44,
placed between the unit plasma generation electrodes 26 cre-
ating a plurality of plasma spaces 24. Dielectric elements may
be comprised of two or more bonded layers of dissimilar
dielectric materials 41 and 42 to create a single element,
allowing tailoring ofthe plasma strength in adjacent space 24.
In addition, by utilizing different areas of entry into the reac-
tor for different gasses, mixtures can be tailored to affects the
reaction outcomes. This includes the entry and exit of gases
and fluids through channels 45 or holes 49 in the dielectric
element(s), or from holes in the spacers 23.

FIG. 5 is a cross sectional schematic view of an embodi-
ment of the present invention with a plurality of dielectric
elements 57 are placed between the unit plasma generation
electrodes 26 creating a plurality of regions 24. The dielectric
element(s) 57 in this embodiment contain conductive
element(s) 56 either throughout the plasma dielectric element
57 or partially through the dielectric element 57. This enables
the plasma to be concentrated, diluted, distributed, or re-
distributed throughout the space in a manner that affects the
reaction outcome. Said conductors can be very thin as a
deposited conductive film on a ceramic, quartz, glass or other
surface or very thick enabling complex dielectric elements to
be manufactured. Such complex dielectric elements 57 can be
used to inject or remove gases and/or fluids into the reactor
unit at desired points in the region 24.

FIG. 6(a) is a cross sectional schematic view of an embodi-
ment of the present invention with one or a plurality of dielec-
tric elements 27 and one or a plurality of conductive elements
65 placed between the unit plasma generation electrodes 26
creating a plurality of plasma spaces 24. Conductive elements
65 can be arbitrarily thin or very thick without negatively
impacting the performance of the reactor unit. Plasma will
form in the regions 24 adjacent to the conductive surface as
only one side in each region 24 needs to have dielectric
isolation in order to form plasma, this embodiment simplifies
the design of some of the elements in the reactor and allows
for a higher degree of complexity without sacrificing the
plasma function. FIG. 6(5) shows a further embodiment of the
conductive element 66 using common methods to form the
conductive element 66 containing entry and exit points 67 and
68 for gasses and fluids flowing into and out of the reactor.
The interior of the conductor 66 is not part of the plasma
reaction shielding any gases or fluids within from the plasma
field. Also, the conductive element 66 can be made thicker to
strengthen the plasma field in said area, or thinner or more
resistive in an area to modify the plasma field in said area.
Facilitating entry and exit points and making parts of the
conductive element 66 thicker or thinner allows additional
flexibility in unit reactor design to enhance desired outcomes.
Finally, such conductive elements 65 or 66 can be used to cool
the unit reactor by providing coolant paths for a gas or liquid
through the reactor which will not be affected by the plasma
regions 24.

Conductive elements 65 and 66 such as those in FIG. 6(a)
and FIG. 6(b) must have at least one surface of the adjacent
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region 24 isolated or the plasma will transition to arc mode
and no glow discharge plasma will be maintained in said
region 24.

FIG. 6(c) is a cross sectional schematic view of an embodi-
ment of the present invention with a plurality of conductive
elements 61 dielectrically isolated on one side 62 placed
between the unit plasma generation electrodes 26 creating a
plurality of regions 24. The conductive portion of these ele-
ments can be continuous or discontinuous over the surface
enabling the plasma to be concentrated, diluted, distributed,
or re-distributed throughout the space in a manner that affects
the reaction outcome.

FIG. 6(d) is a cross sectional schematic view of an embodi-
ment of the present invention with a plurality of dielectric
elements configured in such a manner as to increase the
distance the gas must travel before exiting the reactor. The
dielectric elements 82 have been shortened and dielectric
elements 81 have been placed blocking some of the entrances
and exits from the reactor causing the gas flow to be extended
through the unit reactor. Using this embodiment on part or all
of a unit reactor, gas flows can be modified to optimize the
process desired. In addition constructions using holes
between layers can be used for other purposes such as mixing
gasses between reactor layers.

FIG. 6(e) is a cross sectional schematic view of an embodi-
ment of the present invention with a plurality of dielectric
elements 83 configured in such a manner as to direct the gas
through the reactor and through the blocking element of
porous material 84 before exiting the reactor. Said porous
material is used to enhance the surface area as the gas exits the
plasma. In addition, catalysts and other reaction promoters
can be coated onto the surface, embedded in or otherwise
contained in said porous material. Using this embodiment on
part or all of a unit reactor, gas flows can be modified to
optimize the process desired.

FIG. 7(a) is an isometric schematic view of an embodiment
of the present invention with a plurality of conductive ele-
ments 71 having dielectric isolation 74. Dielectric spacers 73
are placed between elements 74 creating a plurality of regions
24. The conductive portion of both the plasma generation
electrodes 21 and the elements 71 and 74 can be continuous or
discontinuous over the surface enabling the plasma to be
concentrated, diluted, distributed, or re-distributed through-
out the space in a manner that affects the reaction outcome.
Further the conductive portion of the isolated elements 71
extend beyond the plasma generation electrodes 21 enabling
the plasma field to be extended beyond the electrode. FIG.
7(b) is a cross sectional schematic view taken along the line
C-C' shown in FIG. 7(a) and cut along a plane parallel to
direction of gas flow g. This configuration allows the gradual
initiation of the plasma field and/or the gradual diminishing
of the plasma field as desired for various reactions.

FIG. 8 is an isometric schematic view of a unit reactor
cluster consisting of 4 unit reactors 30 connected to an AC or
pulsed DC plasma voltage generation source 25 via conduc-
tors 29 which provide power for generation of the plasma. As
shown, unit reactors 30 can be connected to the source 25 in
serial, in parallel, or in serial and parallel combinations
depending on the voltage generation source 25 and unit reac-
tor 30 configurations desired by the system designer. Any of
the embodiments can be connected in this manner or other
serial or parallel combinations as desired to enable desired
outcomes. In addition, different embodiments can be con-
nected with each other to segment reactions and optimize
system performance.

In all embodiments, elements 27, 36, 37a, 375, 41, 42, 43,
44,46,47,48,56,57, 61, 62, 65, 66,71, 74, 82, and 83 can be
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used in a unit reactor with plasma generation electrodes both
dielectrically isolated 26 and non-dielectrically isolated 28.
Accordingly, the apparatus and method of the present inven-
tion provide:
a reactor with low capacitance reactor with high surface
area;
areactor capable of simplified excitation from low to high
frequency;
areactor capable of diverse function for disassociation and
re-association of gasses and/or fluids;
a reactor with simplified manufacturing and assembly.
From the foregoing, it may be seen that the invention of the
distributed dielectric barrier discharge reactor apparatus and
method of using the same is particularly well suited for the
proposed usages thereof. Furthermore, since certain changes
may be made in the above invention without departing from
the scope thereof, it is intended that all matter contained in the
above description or shown in the accompanying drawings be
interpreted as illustrative and not in a limiting sense. It is also
to be understood that the following claims are to cover certain
generic and specific features described herein.

We claim:

1. A plasma generation device comprising:

a first unit plasma generation electrode and a spaced-apart
second unit plasma generation electrode, each operable
to connect to an electric power source supplying a volt-
age difference therebetween, each electrode coated at
least in part with dielectric material;

a plurality of dielectric elements formed from dielectric
material positioned in a stack spaced apart from and not
in contact with the first unit plasma generation electrode
and the second unit plasma generation electrode and
positioned therebetween, the diclectric elements being
spaced apart from one another to define a plurality of
plasma generating gaps between adjacent pairs of
dielectric elements and between the dielectric elements
and the first and second unit plasma generation elec-
trodes, the dielectric elements having the same length as
the first and second plasma generation electrodes,
wherein the dielectric elements do not include conduc-
tive material; and

aplurality of dielectric spacers creating a single gap having
the height of a single dielectric spacer between adjacent
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pairs of dielectric elements, between the dielectric ele-
ments and the first unit plasma generation electrode, and
between the dielectric elements and the second unit
plasma generation electrode such that plasma is gener-
ated in the gaps, wherein there is only a first dielectric
spacer and a second dielectric spacer between the first
unit plasma generation electrode and the dielectric ele-
ment adjacent the first unit plasma generation electrode
and positioned at opposing edges of the dielectric mate-
rial of the first unit plasma generation electrode, only a
first dielectric spacer and a second dielectric spacer
between the second unit plasma generation electrode
and the dielectric element adjacent the second unit
plasma generation electrode and positioned at opposing
edges of'the dielectric material of the second unit plasma
generation electrode, and only a first dielectric spacer
and a second dielectric spacer between adjacent pairs of
dielectric elements positioned at opposing edges of the
adjacent pairs of dielectric elements, such that outer
edges of the first dielectric spacer and the second dielec-
tric spacer between adjacent pairs of dielectric elements
are aligned with outer edges of the adjacent pairs of
dielectric elements.

2. The plasma generation device according to claim 1,
wherein each plasma generating gap includes an inlet at one
end of the plasma generation device, an outlet at an opposing
end of the plasma generation device, and a gas flow path
therebetween, such that the inlet, the gas flow path, and the
outlet are aligned with one another.

3. The plasma generation device according to claim 2,
wherein gas flow is linear along the gas flow path from the
inlet to the outlet.

4. The plasma generation device according to claim 1,
wherein the first unit plasma generation electrode is roughly
planar and forms a first tab that extends outward from a first
side of the plasma generation device and the second unit
plasma generation electrode is roughly planar and forms a
second tab that extends outward from a second side of the
plasma generation device, opposite the first side.

5. The plasma generation device according to claim 4,
wherein the first and second tabs are connected to the electric
power source.



